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Natural substances exhibit a negligible magnetic response
at optical frequencies, that is, their magnetic permeability is
unity (l = 1). Consequently, their optical properties are solely
determined by the electronic response characterized by the
permittivity e. Given that, the work of Veselago[1] on the elec-
trodynamics of substances with simultaneously negative e and
l, which leads to a negative index of refraction, n, (left-
handed materials), appeared to be rather academic at the
time. The situation totally changed in 1999, when Pendry et
al. proposed to utilize an array of subwavelength split-ring
resonators (SRRs) to create a metamaterial with negative
magnetic permeability.[2] Only two years later, Veselago’s vi-
sion was realized and an artificial structure with negative in-
dex of refraction operating at a frequency of around 10 GHz
(3 cm wavelength) was demonstrated experimentally.[3] Re-
cently, metamaterials have been realized with a magnetic re-
sponse around 1 THz (300 lm wavelength),[4] 6 THz (50 lm
wavelength),[5] 65 THz (4.6 lm wavelength),[6] and 100 THz
(3.2 lm wavelength).[7]
SRRs form the “heart” of most magnetic metamaterials
presented in experiments so far. SSRs can be viewed as a cir-
cuit formed by the inductance L of a coil with a single metallic
winding, and a capacitance C brought about by the ends of
the wire. In the following, such a circuit will be referred to as
an LC circuit. The oscillating current in the LC circuit leads to
a magnetic moment perpendicular to the plane shown in Fig-
ure 1A. It is known that the LC resonance frequency scales
inversely with the lateral size of the SRR, provided that all pa-
rameters are simultaneously scaled down and provided that
the resonance frequency does not come close to the metal
plasma frequency. For example, for the structures described
by Linden et al.[7] (schematically shown in Fig. 1A) with a
magnetic resonance wavelength of 3 lm, the minimum fea-
ture size (gap width) is 70 nm. Scaling to 1.5 lm resonance
wavelength would translate into 35 nm minimum feature size,
which is possible for a single SRR but not easy to obtain for
arrays containing more than thousand identical SRRs (Fig. 2).
Thus, alternative designs with short resonance wavelengths
and fewer intricate fine details would be desirable. The exam-
ples shown in Figures 1B,C should be easily accessible with
state-of-the-art nanofabrication tools, e.g., by electron-beam
lithography or focused-ion-beam (FIB) writing. However, it is
not a priori clear how appropriate these designs are for mag-
netic metamaterials. For electron-beam lithography, SRR ar-
rays of this sort require time-consuming dose tests and pro-
cessing steps, leading to relatively long overall fabrication
times. In contrast, we show that complete structures can be
fabricated via FIB writing in times as short as 20 min (rapid
prototyping). Thus, we have fabricated a large variety of dif-
ferent structures via FIB writing. An example of an SRR ar-
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Figure 1. Schematic representation of three different SRR designs. For
u = 0 one obtains a square metal nanoparticle.
Figure 2. Electron microscope image of a 16 lm × 16 lm array of SRRs
fabricated using FIB writing. Inset: a magnified image.
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Figure 3 summarizes selected examples of measured nor-
mal-incidence optical transmission spectra. The three different
rows correspond to three different SRR designs (as indicated
by the electron micrographs in the insets). Here, the only de-
sign parameter that has been changed is the depth, u, of the
“U” (see Fig. 1). The two columns correspond to two linear
polarizations with respect to the SRR (see top). In the left-
hand-side (LHS) column, the electric field (arrow) of the inci-
dent light can couple to the capacitance, in the right-hand-side
(RHS) column it cannot. Thus, for normal incidence, a mag-
netic resonance is only expected to occur in the LHS col-
umn.[7,8] Indeed, on the LHS two resonances appear in the
measured spectra, while only one short-wavelength resonance
is visible in the RHS column. Thus, the long-wavelength reso-
nance in the LHS column is the magnetic dipole (or LC cir-
cuit) resonance. The short-wavelength transmission minimum
corresponds to the electric-dipole (or Mie) resonance. This
overall qualitative behavior has already been observed and
discussed.[7] Note that the Mie resonance wavelength is similar
for the three different SRR designs, whereas the magnetic res-
onance wavelength can be tuned by almost a factor of two—
without significant reduction of the minimum feature size.
In order to further strengthen our above qualitative inter-
pretation, we have compared the measurements with theory.
In these calculations, the actual geometrical parameters taken
from the corresponding electron micrographs (see white lines
in Fig. 3) have been used. Numerical results are shown in Fig-
ure 4, which can be directly compared with the experiment
(Fig. 3). The overall qualitative agreement is very good; re-
maining discrepancies are likely a result of fabrication toler-
ances of the SRR in the array (see Fig. 2). Importantly, the
absolute spectral positions of the peaks are reproduced well.
This is also true for other values of u. The measured and cal-
culated resonance positions are summarized in Figure 5.
It is known that a negative permeability is not to be ex-
pected for normal incidence, whereas it can and does occur
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Figure 3. Measured transmission spectra. The three different rows corre-
spond to three different SRR designs that differ only in the depth u of the
“U” (see electron microscope images in the insets, from top to bottom:
u = 160, 85, and 30 nm). The two columns correspond to two linear po-
larizations with respect to the SRR (see top). The blue and red crosses
correspond to the spectral positions of the electric and magnetic reso-
nances, respectively, summarized in Figure 5.
Figure 4. Calculated transmission spectra corresponding to the experi-
ments shown in Figure 3, for the depths u = 160, 85, and 30 nm (from
top to bottom). The blue and red squares correspond to the spectral po-
sitions of the electric and magnetic resonances, respectively, summa-
rized in Fig. 5.
Figure 5. Measured (crosses) and calculated (squares) spectral positions
of the magnetic resonance (red) and the electric resonance (blue) as a
function of the depth u (from left to right: u = 0, 30, 85, 160, and
210 nm). The corresponding raw data have been exemplified in Figs. 3,4.
The corresponding five SRR designs are depicted at the top.
propagation geometry, we have performed the retrieval[7,9] of
the effective magnetic permeability l and the effective elec-
tric permittivity e on the basis of calculated optical spectra.
Generally, the shape of the retrieved spectra of e and l are
similar to those, e.g., shown in Figure 4 of our recent publica-
tion.[7] Thus, the retrieved spectra are not shown here. For the
SRR parameters of the first row of Figure 4 we find a reso-
nance in l with l < 0 around a wavelength of 2.4 lm. For the
SRR parameters of the second row of Figure 4 we find a reso-
nance in l around 1.7 lm with reduced oscillator strength,
thus l > 0, but still with a negative magnetic susceptibility. The
oscillator strength is yet further reduced for the SRR parame-
ters of the third row of Figure 4, corresponding to a magnetic
resonance around a wavelength of 1.2 lm.
In conclusion, we have designed and realized a variety of
different metamaterials, taking advantage of the rapid proto-
typing capabilities of FIB nanofabrication. In particular, we
have demonstrated a continuous transition from square-
shaped metallic pads that exhibit a twofold degenerate Mie
(electric dipole) resonance to SRRs with a red-shifted funda-
mental magnetic-dipole response and one remaining Mie res-
onance. The retrieval of the corresponding calculated optical
spectra reveals a magnetic response with a negative magnetic
susceptibility (although l > 0) at a wavelength of 1.7 lm and a
negative permeability (i.e., l < 0) at a wavelength of 2.4 lm
for propagation in the split-ring array plane. Overall, our re-
sults show the robustness of the SRR concept. Such robust-
ness is especially important for nanometer-sized SRR arrays
where fabrication tolerances are much more of an issue than
for microwave structures. Combined with metallic nanowires
leading to a negative permittivity, our findings on magnetic
split rings pave the road for left-handed metamaterials at tele-
communication wavelengths.
Experimental
The starting point of our nanofabrication process is a glass sub-
strate, coated with a 5 nm thin film of indium tin oxide (ITO) and a
20 nm film of gold. The ITO acts as an adhesion promoter and en-
hances the quality of the gold film. Both films are deposited by elec-
tron-beam evaporation under high vacuum (10–4 Pa). The FIB writing
corresponds to an inverse process in the sense that the FIB removes
material. We use a dual-beam FIB/SEM (scanning electron microsco-
py) system (Zeiss 1540 XB) and Ga+ ions accelerated by a voltage of
30 kV. Typical FIB currents are 5 pA, typical exposure doses are
2900 lA s cm–2. Each SRR consists of a square with a side length of
280 nm in which a notch of depth u is cut. The arms of the resulting
“U” have a typical width of 75 nm. All structures discussed here con-
sist of an array of 35 × 35 SRRs with a lattice constant of 450 nm (total
area of 16 lm × 16 lm). The exposure of one array like the one shown
in Figure 2 takes approximately 20 min. Afterwards, the structure can
be immediately inspected by the SEM of the dual-beam system and
no further post-processing steps are required.
Transmission spectra are measured with a Fourier-transform infra-
red spectrometer (Bruker Equinox 55, NIR halogen source) com-
bined with an infrared microscope (Bruker Hyperion 1000, 36 × casse-
grain lens, numerical aperture NA= 0.5, liquid N2-cooled InSb
detector, infrared polarizer). A circular area with 12 lm diameter is
defined by an aperture in the light path of the microscope. The trans-
mission spectra are normalized to the bare substrate, and are taken
for two orthogonal linear polarizations of the incident light as indi-
cated on the top of Figure 3. At a wavelength of around 1.1 lm, the
optics of the spectrometer have to be changed, which leads to a small
discontinuity in the measured curves.
The calculations are performed using the software package CST
Microwave Studio. The Drude model is used to describe the metal,
i.e., the effective permittivity of metals in the infrared spectral region
is given by
e(x) = 1–(x2p/[x(x + ixc)]) (1)
where xp is the plasma frequency and xc is the collision frequency.
For bulk gold, we use the parameters xp = 2p × 2.175 × 10
15 s–1,
xc = 2p × 6.5 × 10
12 s–1 (identical to our previous choice [7]).
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Characterization of Phase Purity in
Organic Semiconductors by Lattice-
Phonon Confocal Raman Mapping:
Application to Pentacene
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After years of silicon dominance, a new breed of electronic
components based on organic semiconductors is emerging,
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